Summary. Interference with cerebral energy metabolism due to excess ammonia has been postulated as a cause of hepatic encephalopathy. Furthermore, consideration of the neurologic basis of such features of hepatic encephalopathy as asterixis, decerebrate rigidity, hyperpnea, and coma suggests a malfunction of structures in the base of the brain and their cortical connections.
Introduction
Although the mechanisms involved in the pathogenesis of hepatic encephalopathy' are still undetermined, the observations that this state may be fully reversible and unaccompanied by structural changes in the brain suggest that the cere-bral dysfunction is of metabolic origin. Moreover, although a variety of substances have been conjectured as possible causes of hepatic coma, excess ammonia2 is generally accepted as one likely factor in the development of this disorder in susceptible individuals (1) (2) (3) . Of the various hypotheses concerning the mechanism of ammonia intoxication, and possibly of hepatic encephalopathy, the major ones have postulated a depletion of a-ketoglutarate from the tricarboxylic acid cycle (4), impaired decarboxylation of pyruvate and a-ketoglutarate (5) , decrease in available NADH (6) , or increased consumption of ATP during synthesis of glutamine from ammonia (7) . Each of the above mechanisms might result in interference with cerebral energy metabolism, and such a cerebral disturbance is now theorized as the ultimate basis of ammonia intoxication (8) . Although many indirect observations supporting this thesis have been compiled (9) (10) (11) (12) , no comprehensive study of intracerebral energy metabolism in ammonia intoxication has been reported.
Consideration of the neurologic basis of such features of hepatic encephalopathy as asterixis, decerebrate rigidity, hyperpnea, and coma suggests a malfunction of specific structures in the base 3 of the brain (and possibly their cortical connections). Thus, in brief, asterixis and decerebrate rigidity are abnormalities of posture, which normally is integrated in the base of the brain; hyperpnea may result from dysfunction of the respiratory center, which is located in the pons; and most importantly according to cur- rent concepts, coma may result from impaired transmission of endogenous and exogenous stimuli via the reticular formation in the base of the brain to the cerebral cortex (13, 14) . It was the purpose of this study to investigate directly the effect of ammonia on cerebral energy metabolism and to attempt to localize the site or sites of ammonia action. Precoma and coma were induced in rats with ammonium acetate (NH4Ac), and the major cerebral energy sources, ATP, phosphocreatine, and glucose, as well as glycogen, were measured in rapidly frozen base and cortex removed from these animals. ATP and phosphocreatine concentrations were found to be substantially decreased in the base, but not the cortex, of the ammonia-intoxicated rats.
Methods

Experimental design
Female Sprague-Dawley rats provided with food (Purina Chow) and water ad libitum and weighing 60 to 80 g were used. Small animals were chosen to assure rapid freezing of labile brain constituents and yet to provide sufficient tissue for assay. Ammonium acetate was dissolved in 0.9% sodium chloride solution (60 mg per ml) and was administered to rats intraperitoneally in a dose of 60 mg per 100 g body weight. After (17) , which estimates the difference between total and free creatine. This procedure in five experiments gave from 90.8 to 100% recovery with weighed quantities of phosphocreatine and creatine and was unaffected by in vitro addition of NH4Ac.
Brain and blood glucose concentrations were measured by the glucose oxidase method (18) , the frozen brain sections having been first homogenized in iced distilled water. Brain glucose concentration was corrected for blood glucose content by subtracting the product of blood content of the brain specimens (determined with albumin-"3'I as described below) and blood glucose concentration from the total brain glucose concentration. Brain glycogen was determined by the glucose oxidase method after precipitating the glycogen with absolute alcohol and hydrolyzing the precipitate with sulfuric acid (19) .
Brain ammonia was measured in quintuplicate in pooled 800-to 1,000-mg frozen brain specimens, employing the method of Nathan and Warren (20) 
Results
High energy phosphates in brain Adenosine triphosphate. As shown in Figure  1 , the means ± standard deviations of basilar ATP concentration in the control animals and those studied at 2j, 5 substrates, b) selective hypoxia of the base, and c) impairment of the basilar mechanism 6 involved in oxidative phosphorylation. Increased utilization of ATP and phosphocreatine in the base due directly to ammonia-augmented ATPase activity was also considered. a) Brain glucose and glycogen. As shown in Table I , rats developing ammonia-induced stupor manifested a significant decrease in both cortical 5 The term "mechanism" refers only to the integrity of the respiratory electron chain and phosphorylation coupled to it. and basilar glucose and glycogen concentration, whereas blood glucose was unaltered. At (Table II) .
Rats rendered hypoxic by exposure to 5.5% oxygen for 5 or 30 minutes hyperventilated and became ataxic and drowsy, more so on prolonged exposure, but none showed ictal manifestations or died. The hypoxic animals showed a substantial increase in both blood and brain pyruvate and lactate, the latter rising greatly in excess of the pyruvate in both cortex and base (p < 0.001). However, despite the obvious cerebral hypoxia, of a duration equal to and of magnitude (as judged by excess lactate) probably exceeding that noted in the ammonia-injected rats, both the cortical and basilar ATP concentrations of the hypoxic animals remained within control values. Oxidative phosphorylation depends on a functioning respiratory electron chain and on phosphorylation properly coupled to it. To determine the integrity of the respiratory chain in the base of the ammonia-injected rats, we compared the oxygen consumption of base removed from the experimental animals with that from controls. As shown in Table III , with either succinate or pyruvate as substrate, respiration of base from all animal groups was comparable (p > 0.05). These data are in agreement with those obtained on adding to rat cerebral cortical slices, ammonia in a concentration comparable to that measured in the brain of the current experimental animals (26) . In addition, measurements of P: 0 ratios by McKhann and Tower (5) indicated no uncoupling of oxidative phosphorylation by large concentrations of ammonia added to rat brain mitochondria. These in vitro observations suggest, therefore, that the mechanism for cerebral oxidative ATP synthesis in the ammonia-intoxicated animals is not impaired. 7.6 . The homogenate was prepared and kept at 00 C until used 2 hours later. Each incubation vessel contained 0.9 ml of homogenate, ATP 7.5, and (where present) MgC12, (27) . Na+, K+, and Mg++ were added to the final incubation medium in 0.3 M Tris solution (prepared in doubly distilled deionized water) so as to give the final concentration of each specified above under incubation systems. The rationale for these Na+ and K+ concentrations is presented under Results. ATP (Tris salt) was added in each instance to give 7.5 mmoles per L in the final incubate. Final volume, pH, and temperature were as described for Table IV. t NH4+ concentration is that in the final incubation vessel. The 1.77 mM NH4+ concentration approximates that Blood pH in rats given sodium acetate is significantly higher (p < 0.001), however, than in the other two groups. Basilar ATP concentration is similar in animals given saline or sodium acetate (p > 0.05). 3) No morphologic alteration in the base of the brain, which could alter the reference basis for the high energy phosphate determinations, was seen by light or electron microscopy in the ammonia-intoxicated rats. Discussion This study clearly demonstrates that acute ammonia intoxication in rats results in a significant and consistent depletion of both ATP and phosphocreatine in the base of the brain (Figures 1 and 2) . In contrast to the findings in the base, cortical ATP and phosphocreatine concentrations in the same ammonia-intoxicated rats were normal (Figures 1 and 2 ). This latter observation is in agreement with more extensive data obtained previously in the cerebral cortex of rats (16) . The normal cortical concentrations of ATP and phosphocreatine serve as an internal control for the low basilar values of these high energy phosphates and indicate that there was no diffuse cerebral depletion of ATP and phosphocreatine as a result of some possible, nonspecific, ammonia-induced metabolic disturbance. Other control studies, here presented, also indicate that features associated with ammonia intoxication such as loss of consciousness per se (ether anesthesia) and hyperkinesis alone (drum rotation) do not account for the decrease in ATP and phosphocreatine observed in the base of the experimental animals.
The preferential toxic effect of ammonia on the base cannot be attributed to increased accumulation of ammonia at that site since ammonia concentrations in base and cortex were equal both before and at various time intervals after injection of NH4Ac (Figure 3 ). It appears, therefore, that the ammonia-induced interference with basilar energy metabolism must be due to greater sensitivity of that area to ammonia. This interpretation is predicated on the currently untestable assumption that ammonia is not concentrated in some minute but vital basilar structure which, during the assay of whole base ammonia, is "diluted" by inclusion of contiguous tissue.
The decreased concentrations of ATP and phosphocreatine in the base of the ammonia-intoxicated animals may be due to impaired formation, increased utilization of these substances at that site, or to a combination of both effects. The factors assessed in this study-decreased availability of glucose and nonstructural glycogen, faulty oxygenation, impairment of the respiratory electron chain, and a direct stimulatory effect of ammonia on ATPase activity-do not appear alone to account for the selective depletion of ATP and phosphocreatine in the base. Thus, the striking decrease in brain glucose and glycogen observed in ammonia-injected rats was virtually identical in both base and cortex (Table I) , whereas the fall in ATP and phosphocreatine was noted only in the base. In addition, maintenance of normal brain glucose concentration by pretreatment with glucose neither prevented ammonia-induced coma nor the basilar ATP depletion. As regards oxygenation, the moderate increase in brain excess lactate in the ammoniainjected rats (Table II) is indicative of cerebral hypoxia or possibly of intracerebral acidosis (30) . Neither event per se, however, is likely to account for the changes in the basilar high energy phosphates since a comparable rise in excess lactate occurred in both base and cortex of the experimental animals (Table II) . Furthermore, cerebral hypoxia of a duration equal to and magnitude probably exceeding that noted in the ammonia-injected rats failed to depress either cortical or basilar ATP concentration. The possibility that ammonia interfered with cerebral oxidative phosphorylation by impairing directly the respiratory electron chain is negated by observations that this concentration of ammonia interferes with neither respiration nor phosphorylation of brain in vitro (Table III) (5, 26) . Finally, it is unlikely that ammonia-induced ATPase activity per se can explain the decrease in high energy phosphates observed in base alone, since 1) ATPase activity of base and cortex removed from experimental animals (Table IV) and that induced in these tissues by ammonia in vitro (Table V) were comparable, 2) the concentration of ammonia at both sites was equal in vivo ( Figure   3 ), 3) the presence of even small concentrations of K+ in vitro prevented the ammonia effect on ATPase (Table IV) , and 4) the concentration of both K+ and Nat in base and cortex of con- (34) , and it is assumed that the extrapolation slope from the observed to the in vivo levels in any study is the same for both experimental and control animals. The control cortical ATP and phosphocreatine values in this study were somewhat lower than those obtained by others employing liquid nitrogen for freezing (35) . However, in four sets of control and ammonia-intoxicated 20-g rats, which freeze faster, the decreased basilar ATP in the experimental group was again reproduced percentagewise, although both the control cortical and basilar ATP levels matched the higher ATP concentrations of other workers. Second, the current measurements of the high energy phosphates were carried out in whole base, and it is possible that in such specialized structures within that area as the reticular ascending formation, a more pronounced decrease in ATP may have been present. Furthermore, ammonia metabolism in brain appears to be compartmented (36) , and current methods cannot assess any differences in energy metabolism within individual cerebral pools of varying size. In spite of these qualifications, in the one available study wherein neurologic findings were compared with acute cerebral ATP changes in anoxic rats, a one-third depletion in brain ATP was associated with death (37) . Furthermore, delay of the cerebral ATP decrease by conditioning to anoxia delayed the onset of death in anoxic rats until the brain ATP fell again by about one-third from normal (37) , and decreased ATP utilization by hypothermia and anesthesia likewise protected the animals against the effects of anoxia (34) . The decrease in phosphocreatine before the development of drowsiness and the fall in ATP before onset of overt stupor suggest that these changes may have not only chronologically but also causally preceded the onset of ammonia-induced coma. The precise relationship between ATP depletion and impairment of consciousness is unknown, although decreased available energy at a critical brain site theoretically could induce defective transmission and integration of nervous impulses vital for proper cerebral function (34, 38) . Alternatively, both the decreased basilar high energy phosphates and the neurologic disturbance could be independent facets of some more basic cerebral metabolic impairment. The correlation between acute ammonia toxicity and impairment of cerebral energy metabolism is consistent with the previously demonstrated protective effect of hypothermia (39) and may explain the enhanced susceptibility to ammonia in hypoxia (40) and hyperthermia (39) , these conditions, respectively, reducing and augmenting the requirements for cerebral high energy phosphates. The meaning of the quantitative changes of basilar ATP and phosphocreatine after the onset of coma is confused by the possible effects of coma itself on decreasing ATP utilization and on reducing psychomotor stimulation during freezing, thus preserving and "falsely" elevating the high energy phosphates. The above considerations, therefore, though not conclusive, suggest that the observed decrease in basilar high energy phosphates is of functional significance.
Extrapolation of these data to human hepatic encephalopathy must be cautious, but these findings represent the first direct in vivo evidence that toxic doses of ammonia acutely affect cerebral energy metabolism. Furthermore, it is evident that as was anticipated from neuroanatomic considerations of some of the clinical features of hepatic encephalopathy, the acute toxic effect of ammonia is primarily exerted on the base of the brain.
